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Abstract
The tectorial membrane (TM) is thought to play a critical role in stimulating cochlear
hair cells. Recently, it has been shown that the tectorial membrane supports traveling
waves [14] and that these waves may contribute to cochlear tuning and sensitivity by
longitudinally coupling radial cross sections [15]. While previous work examined
how TM wave properties may impact a variety of hearing properties, the molecular
origins controlling wave propagation are still unclear. To better understand molecular
mechanisms, I examined the role of porosity and viscosity in wave propagation. Wave
properties were measured for mouse TMs immersed in artificial endolymph solutions
with poly-ethylene glycol (PEG) added to increase viscosity. Two PEGs with different
molecular weights (MW) were used: one (8 kDa) chosen to penetrate TM pores [30]
while the other (400 kDa) could not. Findings show that introducing small MW PEG
increases TM wave speeds by -38% and decreases wave decay constants by -42%.
Analysis of a lumped parameter model of the TM showed that these changes in wave
parameters can be explained by a change in shear viscosity from ~0.2 Pa*s to ~0.65
Pa*s with no accompanying change in shear modulus. In contrast, introducing large
MW PEG has little effect on wave speed (~2%) or decay (-9%), suggesting shear
viscosity inside the TM is significantly more important compared to fluid viscosity.
This result suggests that fluid surrounding the TM has two separate effects on TM
motion. First, increasing fluid viscosity has the obvious effect of increasing drag on
the surface of the TM. In addition, if high viscosity fluid penetrates the TMs porous
structure then the TMs material properties are also directly affected. Of these two
effects, the latter has a much greater impact on TM waves. Thus, the porosity of the
TM may play a critical role in cochlear mechanics.
Thesis Supervisor: Dennis M. Freeman
Title: Professor of Electrical Engineering
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Chapter 1
Introduction
The cochlea is a remarkable sensor that is able to detect displacements on the order
of magnitude of a hydrogen atom at frequencies up to 20,000 Hz in humans. This
extraordinary sensitivity arises from a multitude of factors one of which being a collec-
tion of mechano-electrical receptors (hair cells) that reside along the cochlea's basilar
membrane. While there has been an extensive body of research examining the basilar
membrane and hair cells, there is much less known about the tectorial membrane.
Given the tectorial membrane's location immediately above the cochlea's hair cells it
is likely vital for transmission of acoustic signals. However, the extent and nature of
the stimuli provided to hair cells via this membrane is currently unknown. Recently,
a traveling wave mechansim [14] of the tectorial membrane has been identified and
may influence a variety of mechanisms involved in cochlear sensitivity and selectivity.
This thesis aims to uncover the molecular foundations of the tectorial membrane that
allow for traveling waves and ultimately to shed light on the physiological role of the
tectorial membrane in hearing. Specifically, this work examines the role of the TM's
shear viscosity in supporting traveling waves.
1.1 The Mammalian Cochlea
Mammalian hearing is dependent on transmission of mechanical vibrations to the
cochlea's inner hair cells. Hair cells are classified into two classes: inner (IHCs) and
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outer hair cells (OHCs), each of which functions in a unique role. IHCs ultimately act
as receptors that transmit signals to the brain via afferent nerve fibers while OHCs
are predominantly innervated by efferent nerves originating from the brain. These
OHCs trigger electromotility [3, 22] via prestin molecules so that sound stimuli can be
amplified. Both types of hair cells contain densely packed arrays of stereocilia, each
of which contains a mechanically sensitive transduction channel [21]. Above these
hair bundles is an acellular matrix, the tectorial membrane (TM). The TM contacts
the OHCs at their stereocilia [28] and sits above the IHC hair bundles (figure 1-1).
Given the location of the TM, it is likely that it plays a vital role stimulating rows
of inner and outer hair cells. Furthermore, given the notion that OHCs play a role
in amplification via electromotility, it is very possible that they transmit mechanical
signals back to the tectorial membrane for further amplification. By providing a
mechanism for stimulation for inner and outer hair cells, the TM is an essential
component of mammalian hearing.
1.2 TM Composition and Previous Measurements
The TM is known to be composed of collagen fibers (3% of total weight) that are
held together via a porous matrix of highly charged glycosaminoglycans (GAGs). [12]
To date, most TM measurements have been conducted on isolated samples removed
from the cochlea. Previous work conducted in vitro demonstrated that the TM's me-
chanical properties change with frequency [1]. Furthermore, it is also known that the
TM is stiffer in the radial direction compared to the longitudinal direction [18]. More
recently, the isolated TM has also been shown [14] to support a traveling wave which
has similar velocity to the traveling waves present on the basilar membrane. Given
these properties, it is possible that these waves contribute to amplification, and ulti-
mately the characteristic sensitivity and selectivity of mammalian hearing. Genetic
models have also been created to verify the importance of the TM in maintaining
proper tuning and sensitivity. For example, mutations in the TectB gene encoding
-tectorin revealed an interesting hearing phenotype [27, 26, 35, 34, 39]. Specifically,
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Figure 1-1: Left: Schematic of the cochlea, middle ear, and outer ear (drawing by
Anne Greene). Middle: Schematic of the organ of Corti. On the apical surface, hair
cells are seated in the reticular lamina (RL). Here, note that sensory hair cells (OHCs
and IHC) lay underneath the tectorial membrane and sit on the basilar membrane
(BM). The volume enclosed by the undersurface of the TM and the RL forms the
subtectorial space. Right: The tips of OHC hair bundles (HB) contact the TM's
bottom surface.
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for the TectB mutation it was seen that mice had sharpened cochlear tuning in basal
regions and elevated thresholds in apical regions. Further work has demonstrated
that the traveling wave theory for TM motion can completely explain these hearing
phenotypes [15].
While there is a large body of evidence that supports the importance of the TM to
maintain normal cochlear function, little is known about how the TM's underlying dy-
namic molecular properties contribute to its mechanistic role in hearing. Classically,
models describing the TM's role in hearing describe the membrane as a stiff lever with
a compliant hinge and as a resonant mass-spring system. [8, 5, 32, 33, 2, 42, 29] How-
ever, these models assume that the TM is a static system and they neglect to explain
recent findings such as longitudinal coupling [41, 15]. Given recent evidence that the
TM is a poro-elastic tissue [30] and that it can support traveling waves [31, 15], it is
highly probable that the underlying molecular properties are finally tuned to achieve
proper tuning and sensitivity. Thus, this thesis explores the effect of porosity on TM
waves by exploring the role of the TM's intrinsic viscosity.
1.3 Significance and Project Goals
The interdependence of mechanical, chemical, osmotic and electrical properties con-
tribute to the TM's unique characteristics [23, 24, 25, 36, 10, 12]. Previous measure-
ments have shown that even the smallest ionic changes in endolymphatic bath result
in significant changes to the TM's dynamic properties [11, 12, 30], so there is reason
to believe that they are tightly controlled in order to give rise to different hearing
related properties. Thus, this thesis explores how the tectorial membrane's underly-
ing poroelastic structure is responsible for maintaining proper cochlear function by
focusing on the role of viscosity in TM wave propagation.
Poro-elastic materials have two properties that contribute to their dynamic nature:
stiffness and viscosity. Previously it was reported that modulating stiffness impacted
TM wave decay and thus could impact cochlear tuning. [9] Results from this work
explain origins of sharpened tuning seen in mice lacking #-tectorin, but do not explain
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changes in sensitivity observed in these mutant mice. Thus, this study focuses on the
role of the other essential property of poro-elastic materials: viscosity. Specifically,
this study addresses the impact of viscosity on longitudinal coupling of the TM via
waves. By manipulating the viscosity within the TM, this thesis demonstrates that
viscosity is essential for maintaining proper TM wave speed and wave decay. Finally,
by appealing to a recent model examining the effect of tectorial membrane and basilar
membrane longitudinal coupling [31], this thesis reveals how TM viscosity could play
a critical role in maintaining proper cochlear sensitivity.
1.3.1 TM Pore Size and Intrinsic Viscosity
Recently, several poroelastic bulk properties of the tectorial membrane have been de-
termined by exerting osmotic stress on the membrane. Specifically, the equilibrium
stress-strain relation and the pore radius of mouse tectorial membrane were deter-
mined by exposing the membrane to polyethylene glycol (PEG) solutions of a range
of molecular masses (20-511 kDa) [30]. In the study, it was inferred that for smaller
molecular masses, PEG entered the TM and exerted a smaller effective osmotic pres-
sure. Ultimately, the pore radius of the TM was estimated as 22nm.
Given that the pore radius of the mouse tectorial membrane is known, the first
goal of this study was to change the internal viscosity of the TM without changing
osmotic stress. By introducing small molecular mass PEG (8kDa) to the TM, this
study reveals the effect of internal viscosity on TM dynamic properties. By examining
how wave speed and decay change when adding small molecular weight PEGs to
artificial endolymph surrounding the TM in vitro, this thesis reveals how TM dynamic
properties are impacted by pore size. Next, by introducing PEGs of molecular weights
larger than the pore size of the TM, this study reveals the importance of the intrinsic
viscosity of the TM in contrast to the viscosity of the fluid surrounding the membrane.
15
1.3.2 Aims
To assess the importance of viscosity and porosity in controlling dynamic TM pro-
cesses, this study examines:
(1) The effect of increasing the TM's internal viscosity via small molecular weight
PEG on
- TM wave speed and decay constant
- Wave parameters of TectB mutant TMs
- Shear impedance of the TM
- Wave parameter predictions from shear impedance measurements
- Electrokinetic responses
- TM material properties determined from a distributed impedance model
(2) The effect of increasing the viscosity external to the TM's via large molecular
weight PEG on
- TM wave speed and decay constant
- Electrokinetic responses
(3) How viscoelastic models of TM waves can predict the speed and decay constants
found in this study
Ultimately, these measurements reveal how the poroelastic properties of the TM can
impact dynamic properties of the TM such as traveling waves and influence properties
of hearing.
16
Chapter 2
Methods
This chapter describes methods used to probe the importance of viscosity and porosity
on dynamic function of the TM.
2.1 Isolated TM Preparation
TM segments were excised from adult mice (strain B6129F1, 4-12 weeks old, 1530
g; Jackson Lab, Bar Harbor, ME). TM segments were acquired by gently chipping
the cochlea to expose the organ of Corti. Using a combination of dark and bright-
field illumination, the TM was exposed and removed from the organ of Corti under a
dissection microscope (Zeiss). Segments 0.5-1 mm in longitudinal length were isolated
from the organ of Corti via a sterilized eyelash probe while in an artificial endolymph
bath containing 174 mM KCl, 5 mM HEPES, 3 mM dextrose, 2 mM NaCl and 0.02
mM CaCl 2 in preparation for wave motion measurements. [14, 37] TM segments
from high-frequency regions (1mm from the base) were classified 'basal' and those
from low-frequency regions (1mm from the apex) were classified as 'apical' and used
in this study. The bath used was titrated beforehand to pH 7.4 using KOH.
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2.2 Measuring Solution Viscosities
To increase the shear viscosity of the TM, 8kDa PEG was added to the artificial
endolymph (AE) solution (Sigma-Aldrich Inc., St. Louis, MO) at concentrations of
3mM, 10mM, and 20mM. To increase the viscosity around the TM, 2.5, 10, and 20 PM
400kDa polyethylene oxide (PEO) (Sigma-Aldrich Inc., St. Louis, MO) was added to
the AE solution. The viscosities of the 3mM, 10mM, and 20mM PEG solutions were
measured to be 1.3mPa*s, 3.4mPa*s, and 9.5mPa*s respectively via rheometry and a
Cannon-Fenske viscometer (Technical Glass Products Inc., Dover, NH). The 2.5, 10,
and 20p/M 400kDa PEO solutions were measured to be 1.4mPa*s, 4.5mPa*s and 11
mPa*s respectively. Tables 1 (below) summarizes these measurements.
Table 1: Viscosities of 8kDa PEG and 400kDa PEO solutions
2.3 Launching Shear Waves on Isolated TM Seg-
ments
Isolated TM segments from the basal turn of mouse cochleae were suspended between
the supports of a wave chamber [14] (figure 2-1). One of these supports was stationary
while the other was attached with epoxy to a piezo-electric actuator (Thorlabs) and
loosely coupled to the underlying glass slide with Vaseline. Before each experiment,
motion of the vibrating support was examined to ensure uniform sinusoidal motion.
To create a surface for the TM to adhere to within the chamber, the surface of
the supports was coated with ~0.2 pl of tissue adhesive (Cell Tak; Collaborative
Research). Artificial endolymph solution was then perfused into the area between the
supports and over the adhesive. The isolated TM was then injected into this medium
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Concentration 8kDa PEG Viscosity
3mM 1.3mPa*s
10mM 3.4mPa*s
20mM 9.5mPa*s
Concentration 400kDa PEO Viscosity
2.5pM 1.4mPa*s
10pM 4.5mPa*s
20pLM 11mPa*s
and mounted between the supports such that the TMs radial fibers were parallel to
the vibrating support motion. Once mounted, the suspended TM was imaged with a
transmitted-light microscope. Measurements were taken at physiological conditions
(artificial endolymph) and then the medium was replaced with an artificial endolymph
that included several concentrations of 8kDa PEG (3mM, 10mM, and 20mM) (figure
3-la,c). The solutions were exchanged until the total volume (5mL) was replaced
four times. The bath including PEG was then left for 10 minutes before performing
measurements with the increased viscosity. Care was taken to ensure that the TM
remained hydrated by keeping a small amount of the previous transfer over the TM.
After observing waves in the presence of PEG the bath was returned to physiologic
conditions with the same exchange procedure described and waves were measured
again. This step was done to verify that the changes in wave parameters seen were
due to changes in internal viscosity rather than time dependent effects. Once the
exchange was complete, motions were recorded again. Using different TMs, this
process was repeated with high molecular weight (400kDa) PEO at a concentration
of 20pM, matching the viscosity of the 20mM 8kDa PEG.
2.4 Microfabricated Shear Impedance Probe
Shear impedance of the TM was obtained via microfabricated probes [18]. These
probes were custom-designed with a range of stiffness values via a commercial MEMS
foundry (MEMSCAP). Using tissue adhesive (Cell Tak, Collaborative Research) the
probes were placed in contact with the surface of the TM (figure 2-2). Next, these
probes were mechanically driven via a piezo-electric actuator (Thorlabs) at audio fre-
quencies. Resulting measurements of the TM and the probe were determined with
nanometer resolution from the images. After obtaining motions at physiological con-
ditions PEG at a variety of concentrations (3mM, 10mM, and 20mM 8kDa) was
introduced to the fluid surrounding the TM. When moving between concentrations,
the solutions were exchanged until the total volume (5mL) was replaced four times.
Once measurements at higher viscosities were complete, the bath was returned to
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wave propagation
Figure 2-1: Schematic of the TM preparation in a wave chamber based on Ghaffari
et al. 2007. Left: TM segment suspended between two coverslips separated by -450
pm. This creates a free-floating region that can be visualized by a water immersion
objective. Here, note that the piezo actuator is coupled to one coverslip to in order
to generate radial displacements of the TM. Wave measurement are collected with
a TM in artificial endolymph (AE) before and after introducing PEG to the bath.
Right: Describes sinusoidal displacements applied to the TM. Important anatomical
considerations include Hensen's stripe (HS) and the spiral limbus attachment (SL) as
marked. Lines indicate TM motion at two sequential instances in time separated in
phase by 900. Motion magnification has been applied to demonstrate the wave-like
nature of the motion.
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longitudinal
Figure 2-2: Microfabricated shearing probe applying forces in the radial and longitu-
dinal directions. Shear measurement are collected with a TM in artificial endolymph
(AE) before and after adding PEG to the solution.
physiologic conditions using artificial endolymph without PEG. This step was done
to verify that the changes in shear impedance seen were due to changes in internal
viscosity rather than time dependent effects. Once the exchange was complete, mo-
tions were recorded again. This shear impedance setup provided a way to probe TM
dynamic properties with applied forces and displacements relevant to hearing.
2.5 Electrokinetic Measurements
Electrically-evoked radial displacements of the TM were evaluated via a microchannel
chamber that delivered uniform electric fields [13]. This chamber involved an optically
transparent PDMS channel that laid on a sheet of glass with Ag/AgCl stimulating
electrodes (A-M Systems, WA), each of which was placed at one of the channel's
two ends. The channel's glass surface was coated with ~0.3pL of Cell-Tak (BD Bio-
sciences, MA) to allow the TM to adhere to the slide. A TM segment was then
attached to the glass surface followed by placement of the PDMS channel over the
TM. This process created a sealed channel that could be perfused with AE. Care was
taken to orient the TM's radial fibers perpendicular to the direction of the applied
21
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Figure 2-3: Microchannel setup with uniform electric fields applied radially to ex-
cised TM segments. (A) The TM was positioned between two application electrodes
in microchannel. Electric fields were applied at audio frequencies with stroboscopic
illumination and observed optically. (B) Light microscopy image of a TM segment in
the microfluidics chamber. After obtaining a measurement in artificial endolymph,
PEG of low molecular weight (10mM 8kDa) was added to the bath. After this mea-
surement, AE without PEG was perfused and another measurement taken followed by
another measurement with high molecular weight PEO (0Ipm 400kDa). The motion
due to the applied field is highlighted with arrows just left of the marginal band.
electric field (figure 2-3). To assess the impact of pore size on electrokinetic motions,
viscosity of the fluid inside and outside the TM was altered with PEG. TM mo-
tion measurements were first conducted in AE followed by AE with small molecular
weight PEG (10mM, 8 kDa). After conducting this measurement the AE solution was
brought back to physiologic conditions and TM motions were assessed again. Finally,
AE with large molecular weight PEG (10 pL, 400 kDa) was added and TM motions
were assessed, followed by another washout of PEG to test reversibility. Each of these
solutions was perfused for 15 minutes so the TM could equilibrate prior to any motion
measurement.
2.6 Stroboscopic Video Microscopy
The optical imaging system consisted of x20 water immersion objective with a 0.5 nu-
merical aperture (for waves), a x40 water immersion objective with a 0.75 numerical
aperture (for shear impedance) (Zeiss Axioplan) and a transmitted-light condenser
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(0.8 numerical aperture). Images were captured with an 8 megapixel CCD camera
(Stingray, Allied Vision Technologies, Germany) during stroboscopic illumination. To
capture motions at audio frequencies, the stimuli (piezo-electric support for waves,
micro fabricated probe for the shearing studies, and voltage changes for the electroki-
netics studies) were timed with the stroboscopically pulsed LED light source with the
frequency of stimulation. To reconstruct the wave motions, the TM was illuminated
and images are captured at 8 evenly spaced stimulus phases over several stimulus cy-
cles. Once obtained, the images were analyzed to determine the first three harmonics
of motion.
2.6.1 Motion Analysis
From these images, magnitude and phase of radial displacement were computed from
spatial and temporal brightness gradients [7]. Using computer vision algorithms, the
magnitude and phase of displacements seen on the TM were computed from the series
of images collected. These algorithms follow two assumptions: 1) the brightness of
an object in the field of view is constant regardless of its position or time and 2) the
object in the image being tracked moves as a rigid body.
Therefore,
Ax+ Ay+ Az+ At=0, (2.1)
x ay z t
where E(.r, y, z, t) is the brightness, which is shift invariant based on the first assump-
tion [6, 7, 38].
2.6.2 Calculating Wave Parameters
Radial displacement and phase of the TM were determined from a one-dimensional
FFT taken at evenly spaced regions of interest along the TM. Speeds, ?, were deter-
mined by fitting a linear regression to the phase. Wave speed was then calculated by
taking the inverse slope of the phase versus distance and multiplying by frequency.
Decay constants, o-, were defined as the distance along the TM over which the wave
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magnitude decayed by a factor of e. These values were determined by fitting an
exponential to the overall magnitude of the response along the TM.
2.7 Animal Preparation
Mice or gerbils were euthanized via carbon dioxide asphyxiation and decapitation
immediately followed euthanasia. Tissue harvesting was performed as outlined in the
previous section. The care and use of animals in this study were approved by the
Massachusetts Institute of Technology Committee on Animal Care.
24
Chapter 3
Results
3.1 Tectorial Membrane Waves
Recently, waves have been shown to propagate longitudinally along the length of
the tectorial membrane [14] and these waves have been characterized by their speed
and decay. While these wave parameters have been characterized, it is unclear how
the TM's molecular underpinnings control these waves. In this section, the role of
viscosity and porosity in controlling was investigated by introducing PEG's of various
sizes to the artificial endolynph solution surrounding the TM on the wave chamber
(figure 3-1). Previously, PEG had been used to uncover the pore size of the TM [30], so
PEGs of small molecular weights (8kDa) were used to modulate the internal viscosity
of the TM and large molecular weight poly-ethylene oxide (PEO, 400kDa) was used
to modulate the viscosity around the TM. Once wave motion images were obtained,
two parameters were determined that describe wave properties the wavelength, A,
which is how far the wave travels while going through a complete motion cycle, and
wave decay constant, o-, the distance traveled before the wave amplitude dissipates
by a factor of e. To obtain the wave speed parameter, change in phase a function of
distance was examined while o values involved fitting an exponential to the overall
magnitude of the response along the length of the TM. Figure 3-1 and 3-2 demonstrate
these fits to the raw data obtained for a TM in AE, AE with 8kDa PEG, and AE
with 400kDa PEO.
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Figure 3-1: TM wave measurements with viscosity manipulations. (a) Left:
Schematic depicting wave chamber setup. TM segments were suspended between
two supports separated by ~400 im and surrounded by artificial endolymph. One
of these supports was vibrated at audio frequencies to transmit sinusoidal forces to
the TM. Right: Light microscope image of a TM in artificial endolymph depicting
wave motion in response to 19-kHz stimulation. Wave decay constant (a) and speed
(v) were measured by fitting the decaying waves measured along the TM [14]. Best
fitting wave parameter estimates were - = ~380 pm and A= ~130 pm for wild-type
mice. (b) Left: Schematic depicting change to wave chamber setup to increase TM
viscosity. After collecting images with artificial endolymph, 20mM 8kDa PEG was
added to the bath surrounding the TM to alter the intrinsic viscosity of the TM.
Right: Light microscope image of the same TM in artificial endolymph with PEG de-
picting wave motion in response to 19-kHz stimulation. Best fitting wave parameter
estimates were a = ~130 pm and A= ~240 pm for this TM immersed in artificial
endolymph with PEG.
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Figure 3-2: Radial displacements as a function of longitudinal distance for a single
TM in AE (Left) and AE + 8kDa PEG (Middle). Another TM was introduced to
400kDa PEO (Right). Fits to eight phases of wave motion are presented.
3.1.1 Wave Properties and Intrinsic Viscosity
Wave Speeds
Eight phases of radial motion were captured before and after the introduction of PEG
to TM segments (figure 3-1). The raw displacements shown in figure 3-1 were taken
at stimulus frequencies of 19 kHz. This TM segment was isolated from the middle to
the basal third of the cochlea and the waveform presented longer wavelengths with
addition of PEG. Specifically, addition of 20mM 8kDa PEG had the effect of increas-
ing the wavelength by nearly 85% in this instance. By pooling across frequencies
(1-25kHz) and many basal segments, this trend manifests as increased wave speed
at every frequency (figure 3-3a,b). Specifically, speeds were higher by a factor of
~45%i35% when pooling across 5 TM's and all frequencies. This effect was also ex-
amined in apical segments and the same trend was seen (figure 3-4a,b). When PEG
was added to the bath surrounding apical TM's wave speed increased by a factor of
~45%i66%. These speed increases were also found to be reversible when the bath
surrounding the TM was returned to back to physiological conditions (figure 3-8a).
Wave speed differed by only ~2%±22% between the initial measurement in AE and
when the bath was returned to physiologic conditions.
In addition to adjusting TM viscosity with 20mM 8kDa PEG, other PEG concen-
trations were used to achieve different TM viscosities. A single TM was introduced
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AE + 20pM 400kDa PEOAE + 20mM 8kDa PEGAE
to solutions of increasing viscosity from 1.0 (AE) to 1.3 (AE + 3mM 8kDa PEG) 3.4
(AE + 10mM 8kDa PEG) to 9.5mPa*s (AE + 20mM 8kDa PEG). Upon ramping the
viscosity of the AE solution with PEG, wave speed was seen to increase up to a point
(figure 3-5). When increasing the viscosity of the AE solution beyond 3.4mPa*s, wave
speed remained nearly the same.
Wave Decay Constants
In addition to changes in wave speed, wave decay was also seen to change when
increasing bath viscosity from 1.0mPa*s to 9.5mPa*s via PEG. Pooling across 5 TM's
revealed that increasing viscosity had the effect of decreasing wave decay constant in
basal TM segments by a factor of 42%±30% (figure 3-6a,b). This effect was also seen
for apical segments (figure 3-7a,b). Specifically, decay constant was seen to drop by
a factor of 43%±25% in these apical segments. As with changes in speed, the change
in decay constant was seen to be reversible. When removing PEG from the artificial
endolymph bath (figure 3-8b) wave decay constants were seen to return to within
7%±33% of the decay constants observed at physiologic conditions.
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Figure 3-3: Dependance of propagation velocity of basal TM waves on viscosity. Me-
dian wave velocities and interquartile ranges measured in TMs immersed in artificial
endolymph (blue circles) and artificial endolymph with PEG (red circles) at variety of
stimulus frequencies. (a) The median velocities for basal TMs immersed in artificial
endolymph with PEG were significantly higher (6.35 i 2.01 m/s; n = 5 prepara-
tions) than those in just artificial endolymph (4.67 i 1.99 m/s; n = 5 preparations).
(b) Pairing the results with artificial endolymph speeds (x-axis) versus artificial en-
dolymph (y-axis) also reveals the changes in speed. Median and interquartile ranges
are indicated by black lines and shaded regions, respectively. ('VAE+PEG = 1.38 t 0.35)
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Figure 3-4: Propagation velocity of apical TM waves upon with increased viscosity.
Median wave velocities and interquartile ranges measured in TMs immersed in ar-
tificial endolymph (blue circles) and artificial endolymph with PEG (red circles) at
variety of stimulus frequencies. (a) The median velocities for apical TMs immersed
in artificial endolymph with PEG were significantly higher (5.72 ± 2.05 m/s; n =
4 preparations) than those in just artificial endolymph (3.82 ± 1.15 m/s; n = 4
preparations). (b) Pairing the results with artificial endolymph speeds (x-axis) ver-
sus artificial endolymph with PEG (y-axis) also reveals the changes in speed. Median
and interquartile ranges are indicated by black lines and shaded regions, respectively.
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Figure 3-5: Basal TM wave measurements at physiological conditions (blue) vs arti-
ficial endolymph with 3mM 8kDa PEG (light blue), 10mM 8kDa PEG (red), 20mM
8kDa PEG (green). Each point represents a single frequency measurement on a single
TM at physiological then increased viscosity conditions where stimuli were applied
from 1-20 kHz via a piezo-electric vibrator.
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Figure 3-6: Wave decay constant calculation for basal TMs in artificial endolymph
solutions with and without PEG. (a) Wave decay constants versus stimulus frequency.
TM segments in artificial endolymph (n = 5 preparations, blue circles) had median
wave decay constant (u) values of 195 t 69 pm. Introducing 8kDa PEG to the arti-
ficial endolymph solution (n = 5 preparations, red circles) had the effect of dropping
these decay constants as they displayed median decay constants of 112 t 41 Pm for
the same frequency range. (b) Pairing the data reveals the same trend of decreas-
ing decay constant with increased viscosity. Wave parameters plotted with artificial
endolymph (x-axis) and artificial endolymph with PEG (y-axis) (n = 5). Median
and interquartile ranges are indicated by black lines and shaded regions, respectively.
(AE+PEG = 0.58 ± 0.30).
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Figure 3-7: Wave decay constant calculation for apical TMs in artificial endolymph
solutions with and without PEG. (a) Wave decay constants versus stimulus frequency.
TM segments in artificial endolymph (n = 5 preparations, blue circles) had median
wave decay constant (o-) values of 156 i 61 pum. Introducing 8kDa PEG to the arti-
ficial endolymph solution (n =5 preparations, red circles) had the effect of dropping
these decay constants as they displayed median decay constants of 111 ± 36 pim for
the same frequency range. (b) Pairing the data reveals the same trend of decreas-
ing decay constant with increased viscosity. Wave parameters plotted with artificial
endolymph (x-axis) and artificial endolymph with PEG (y-axis) (n = 5). Median
and interquartile ranges are indicated by black lines and shaded regions, respectively.
(AE+PEG = 0.57 k 0.25).
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Figure 3-8: Propagation velocity and decay constants for basal TM waves before
adding PEG to the AE solution and after removing PEG from the AE solutions.
Result demonstrates that the effect of increasing TM viscosity can be reversed by
replacing the AE+PEG bath with a bath just containing AE. (a) Velocities for basal
TMs immersed in artificial endolymph before introducing PEG and after removing
it were approximately the same. Here the data is paired (median and interquartile
ranges indicated by black lines and shaded regions, respectively). (VAEremovingPEGVAEbeforePEG
1.02 ± 0.22; n = 5 preparations) (b) Pairing decay constants reveals that decay also
returns to normal when washing PEG out of the solution IAEremovingPEG = 0.93 ± 0.33;
n AEbef orePEG
n = 5 preparations).
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3.1.2 Wave Properties and External Viscosity
In order to probe how the fluid around the TM impacts waves compared to the TM's
intrinsic viscosity, this section involved examining the role of viscosity external to the
TM and how it might affect wave parameters. Given that the pore size of the TM
is known [30], it was possible to use poly-ethylene oxides (PEOs) of large molecular
weights that could not penetrate the tectorial membrane. By introducing these large
molecular weight PEOs (400 kDa), the viscosity outside the TM was increased, while
the viscosity inside the TM was kept the same. PEO at 10 pM, 400kDa was used
because it has a viscosity of 11 nPa*s, which approximately matches the viscosity
of the 20mM 8kDa PEG used for the intrinsic viscosity study. By matching the
viscosities it was possible to separate the effects of altering viscosity within the TM
versus outside the TM. Surprisingly, introducing large MW PEG has little effect on
wave speed (-2%) (figure 3-9) or decay (~o9%) (figure 3-10), suggesting shear viscosity
inside the TM is significantly more important than the viscosity outside of the TM.
3.2 Determining Material Properties from Waves
The wave properties observed on the TM are frequency dependent and yield infor-
mation about the underlying material properties. For example, we can learn about
the density p, the shear storage modulus G', and the shear viscosity rq. G' describes
the elastic energy stored when a body is deformed while 7; describes the dissipation
of energy stored. The velocity, v, of pure shear waves in a viscoelastic material that
is infinite and isotropic depend on these parameters as follows:
2(G'2 + w27q2 )
p(G2± 2 12  (3.1)
where w is the angular frequency of vibration. [15, 4, 31] Using this distributed
impedance model of TM waves, material properties of the TM were estimated by
finding the values of G' and y that best fit the values of v measured with and without
addition of PEG to the artificial endolymph. Since a wave chamber was used that
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Figure 3-9: Propagation velocity of basal TM waves upon with increased external
viscosity. Median wave velocities and interquartile ranges measured in TMs immersed
in artificial endolymph (blue circles) and artificial endolymph with 10im 400 kDa
PEO (red circles) at variety of stimulus frequencies. (a) The median velocities for
the TMs immersed in artificial endolymph with PEO were nearly identical (10.53 ±
1.96 m/s; n = 3 preparations) to those in just artificial endolymph (11.78 i 2.20
m/s; n = 3 preparations). (b) Pairing the results with artificial endolymph speeds
(x-axis) versus artificial endolymph (y-axis) also reveals no changes in speed. Median
and interquartile ranges are indicated by black lines and shaded regions, respectively.
(VAE+PEG = 1.05 ± 0.16) Here it is clear that increasing the viscosity around the TM,
VAe
rather than inside the TM has little impact on TM wave speed.
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Figure 3-10: Wave decay constant calculation for basal TMs in artificial endolymph
solutions with and without 10pin 400kDa PEO. (a) Wave decay constants versus
stimulus frequency. TM segments in artificial endolymph (n = 5 preparations, blue
circles) had median wave decay constant (-) values of 137 i 73 pm. Introducing
400kDa PEO to the artificial endolymph solution (n = 3 preparations, red circles)
had little effect on decay constants as they displayed median decay constants of 157
± 82 pm for the same frequency range. (b) Pairing the data reveals the same trend
of no change in decay constant with increased external viscosity. Wave parameters
plotted with artificial endolymph (x-axis) and artificial endolymph with 400kDa PEO
(y-axis). Median and interquartile ranges are indicated by black lines and shaded
regions, respectively (AE+PEG 1.00 i 0.25).
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cannot propagate waves infinitely, a finite difference model was analyzed that con-
sisted of a series of masses, longitudinally distributed, coupled to viscous and elastic
elements. Best fits for these material properties for basal TMs (G' = 36±1.0 kPa,
y = 0.20±0.05 Pa*s; n = 5 preparations) in artificial endolymph versus in artificial
endolymph with PEG (G' = 33±5.5 kPa, q = 0.63±0.08 Pa*s; n = 5 preparations)
revealed that adding PEG to the AE solution caused little change in shear storage
modulus but increased shear viscosity by a factor of 3.15. Table 2 summarizes the
material properties found. This result suggests that the changes in wave parameters
seen here is completely due to changes in shear viscosity rather than shear storage
modulus.
G' /
AE 36±1.0 kPa 0.20±0.05 Pa*s
AE + 20mM 8kDa PEG 33±5.5 kPa 0.63±0.08 Pa*s
Table 2: Material properties G' and q determined from wave results
3.3 Viscosity and TectB Mutant Mice
This section involves understanding how the wave results obtained under conditions of
increased viscosity may relate to TM mutants. Many tectorial membrane mutations
have been shown to reduce cochlear sensitivity [35, 26, 27]. For example, mutations in
3-tectorin have been shown to decrease sensitivity dramatically in the apex [35] and
decreases in traveling wave speeds have been demonstrated as a possible explanation
for this change in sensitivity [15]. Work by Ghaffari et al. demonstrated that waves
in the apical TM's of TectB mutant mice had properties suggesting a decrease in
shear viscosity by half. Given this effect and that transmission electron micrographs
imaging of apical TectB TM's have revealed that these mutant TM's appear to be
more porous [35] and that changing the shear modulus of the TM had no impact on
wave speed [9], there is a real possibility that pore size controls the speed of tectorial
membrane waves and ultimately is the origin of changes in cochlear sensitivity seen in
TectB mutant mice. To test this hypothesis, PEG of small molecular weight (8kDa,
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20mM) was added to the bath surrounding the apical TectB mutant TMs and wave
properties were assessed (figures 3-11, 3-12). Wave speeds of these TectB mutants
increased back to their wild type values upon adding PEG to the artificial endolymph
bath. This result suggests that porosity (and in turn, shear viscosity) of the TM is
essential in controlling wave speed. Wave decay constants were also seen to drop
below their initial values confirming that increasing shear viscosity has the property
of decreasing decay constants.
3.4 Shear Impedance of the TM
3.4.1 Impedance of the TM and Intrinsic Viscosity
In addition to wave results, shear probe [19] measurements were conducted in the
presence of PEG. Briefly, TM samples were extracted from the basal turn of mouse
cochleae and placed onto a glass slide with Cell Tak (BD Biosciences Inc., Franklin
Lakes, NJ). Using a microfabricated probe as seen in figure 2-2, forces were applied to
the TM. Specifically, the square tip was lowered onto onto Hensen's stripe of the TM
surface via a mnicronianipulator (Rucker and Kolls Inc., Milpitas, CA). The base of
the probe was then stimulated radially with a piezo-electric actuator with frequencies
from 1-80kHz. After acquisition of 16 evenly spaced phases, displacements of the
base and tip of the probe were measured. From these, the impedance of the TM was
determined:
ZTAI(w) k~n Xb(w) - Xp(w) (3.2)Zw ( )= km, X (3.2
where X, is the probe tip displacement, Xb is the probe base displacement, and
kmp is the stiffness of the probe in the radial direction (-1.7 N/m). The artificial
endolymph bath surrounding the TM was exchanged with artificial endolymph con-
taining a variety of PEG concentrations with the same procedure described for TM
wave measurements.
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Figure 3-11: Propagation velocity of apical TM waves from TectB mutants upon
increasing viscosity. Median wave velocities and interquartile ranges measured in
TectB mutant TMs immersed in artificial endolymph (brown circles) and artificial
endolymph with PEG (red circles) at variety of stimulus frequencies. (a) The median
velocities for apical TectB mutant TMs immersed in artificial endolymph with PEG
were higher (4.16 i 1.45 m/s; n = 5 preparations) compared to those in just artificial
endolymph (2.71 ± 0.99 m/s; n = 5 preparations). (b) Pairing the results with
artificial endolymph speeds (x-axis) versus artificial endolymph with PEG (y-axis)
also reveals the changes in speed as returning to near wild type upon increasing the
intrinsic viscosity of the TM. Median and interquartile ranges are indicated by black
lines and shaded regions, respectively. (AE+PEG = 1.35 i 0.47)
40
a70o- 
n 5
, 600-
E
500-0
4-'
C 400- TectB mutant in AE
0 -
o oo
0m**
200 - I
100 - jr5o -
of TectB mutant in AE with
Apical Cs 20mM 8kDa PEG (9.5 d ys)
4 45 5 55 6 6.5 7 7,5 8 85
b Frequency (kHz)
450-
E a- 0
W+Q SOO
rm(
0U0
0 510 150 20 5 0 5 0 5
cirle) hd he ffct f ropin teay Csacntant pm) ydslae mda
Fgr3-Waedecay constantso20t58p calcltionam frquencal range. mutan Tairinh dati-
ficials eoame stiosretnd withotecreasingav decay constantwt nrae ic sit vrhss
siuufqec.TectB mutant TMs.Wvepraeegns pleith artificial endolymph (-ais pead
ntouigkaPEtoteartificial endolymph withPEG(y-xis (n = 5).Mdapaditrearieraions re
indicated by black lines and shaded regions, respectively. (0"AE+PEG=0.0±.3)
41
Results suggest that increasing intrinsic viscosity increases both the viscous and
elastic moduli of the TM. However, it seems that the loss modulus changes more
than the elastic modulus. Furthermore, after replacing the higher viscosity bath with
artificial endolymph at physiological conditions (figure 3-14) it is clear that both the
elastic and viscous moduli return approximately to their initial values. Furthermore,
viscosity of the same TM was increased by adding PEG of various concentrations
(3mM 8kDa (1.3mPa*s), 10mM 8kDa (3.4 mPa*s), and 20mM 8kDa (9.5mPa*s)) to
the artificial endolymph bath (figure 3-15). Upon increasing viscosity linearly, linear
increases in viscous and elastic moduli of the TM were seen.
3.4.2 Determining Material Properties from Shear Impedances
To understand the underlying material properties that give rise to the TM's dynamic
nature, G' (shear stiffness) and q shear viscosity were determined from the shear
impedance of the TM, ZTA as follows:
G* = jwZTu4(1 = G' + jrn (3.3)
4r(1 + v)
where v is Poisson's ratio (-0.5 for audio frequencies) and r is the force probe's
radius (-50pm, which includes the moving surrounding tissue). Thus, examining the
shear impedance obtained by analyzing the shear probe measurements, the resulting
parameters calculated are G', the shear modulus, describes the tissue's stiffness, and
r, the tissue's viscosity.
Figure 3-16 shows that by increasing the internal viscosity of the TM, G' (the
TM's stiffness) increases by a small amount while q (the TM's viscosity) increased by a
much larger factor. Specifically, q was 1.78x larger while G' was only 0.31x larger. By
shearing the TM with the micro-fabricated probe (figure 2-2), the shearing parameters
were measured through the TM body. Since TM properties are thought to be similar
through bulk properties along the length of the TM, these parameters are relevant to
TM waves and concur with the viscoelastic modeling (eq. 3.2) described earlier that
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Figure 3-13: Bottom: Real component (loss modulus) at physiological conditions
(blue) and after introducing 10mM 8kDa PEG to the solution (n = 4 preparations).
Notice that there is a significant increase in loss modulus when increasing the intrinsic
viscosity of the TM. Top: Imaginary component (elastic modulus) at physiological
conditions and after introducing 10mM 8kDa PEG to the solution. Notice that there
is an increase in elastic modulus when increasing the intrinsic viscosity of the TM,
but the change is not as significant as with increases in viscous moduli.
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conditions when removing PEG from the artificial endolymph solution.
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demonstrates shear viscosity (rj) is the dominant parameter changed by introducing
small molecular weight PEGs to the artificial endolymph bath surrounding the TM.
3.5 Viscoelastic Modeling of the TM
Viscoelastic Model of TM Wave Parameters
Given the material parameters extracted from wave measurements described in sec-
tion 3.2 and from shear impedance measurements in section 3.4.2, a viscoelastic model
of the TM was examined to determine if the results found agree with recent theory
on TM mechanics. Furthermore, using such a model made it possible to predict TM
wave parameters directly from the shear impedance measurements via the material
parameters determined in section 3.4.2. To do so, a viscoelastic model relating ma-
terial properties to wave parameters was used [16]. This model predicts and wave
speed, v and wave shear decay constant, a, from shear modulus, G', and viscosity, q,
as follows:
or 2(G'2 + W2 I2 ) 2(G'2 + W2 712 )
\ pw2 ( G'2 + W2 712 - G') \ p(NG'2 + w2q 2 + G')
where p is the density, and w is the angular frequency (W = 2-rf).
To understand how manipulating material parameters could impact TM waves,
contour plots of decay constant (a) and speed (v) were examined as functions of
shear modulus (G') and viscosity (q) at a variety of frequencies. Here, these contour
plots are provided figure (figure 3-17) at frequencies of 20kHz and 7kHz. From these
contour plots it can be inferred that changing shear viscosity, q, should have a large
impact on speed and a smaller, but significant impact on decay constant, a, especially
at high frequencies. Also from these contour plots it is evident that shear modulus,
G' should have the greatest impact on o at all frequencies. To examine the effect of
PEG on TM waves in context with this poroelastic model, values of G' and q found
from the fitting the finite difference model to the wave data (3.2) obtained are drawn
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as red (AE+PEG) and blue (AE alone) circles on the contour plots of figure 3-17.
By looking at the values of G' and r/ estimated from the wave via the finite difference
model it is evident that the wave speeds and decay constants found with and without
the addition of PEG are accurately predicted by the viscoelastic model of waves.
3.5.1 Predicting Wave Parameters from Shear Probe Data
via a Visco-Elastic Model of the TM
To verify the ability for shear probe data to predict TM wave measurements, TM
wave parameters were calculated from the material parameters determined from shear
impedance measurements (figure 3-16) using equation 3.4 to obtain the estimates for
decay constant, o, and speed, v. Specifically, the material parameters determined in
section 3.4.2 were used in conjunction with the viscoelastic model presented in the
previous section. Figure (3-18) shows these results for material parameters extrapo-
lated from five basal TM impedance measurements. These material parameters were
determined from an independent measurement technique and introducing them to
this viscoelastic wave model accurately predict the trends in wave decay and speed
seen from direct TM wave measurements upon increases in shear viscosity via PEG.
Thus, both the material parameters of the finite difference model examining TM
waves and those extracted from shear impedance measurements accurately predict
the wave speeds and decay constants seen here. Furthermore, this result confirms the
finding that increasing shear viscosity has the effect of increasing both wave speed,
v, and decay constant, o-.
3.6 Electrokinetics and TM Pore Size
Mechanical strain is known to produce electrical responses [40] and electrical stimula-
tion can also lead to mechanical deformations. This process is known as electrokinetics
[17, 10]. Recently, it was reported that TM has an electrokinetic response due to the
fixed charge of the membrane [13]. This phenomenon was demonstrated by applying
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Figure 3-17: Viscoelastic model of TM wave parameters. (Left column) Contour
plot of decay constant, -, against viscosity, q, and shear storage modulus, G', at
7kHz (bottom) and 20kHz (top). (Right column) Contour plot of speed, V, against
viscosity, q, and shear storage modulus, G', at 7kHz (bottom) and 20kHz (top).
Colored numbers on figures correspond to decay constant in pm or speed in m/s.
Red circles indicate G' and q values calculated from fits to waves seen experimentally
in artificial endolymph with PEG while blue circles indicate G' and ij values calculated
from waves at physiologic conditions.
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Figure 3-19: (a) Adding small PEG molecules (8 kDa, 3.4x increase in viscosity) to
the AE solution resulted in a decrease in TM motion amplitude from 161 nm to 25
nm in response to a 1.5 kV/m, 1 Hz stimulus. In contrast, large PEG molecules (400
kDa, 4.5x increase in viscosity) resulted in much smaller changes (~20% reduction)
in electrically-evoked mnotions of the TM. (b) Changes in TM motion caused by PEG
were reversible. Returning the bath to AE without PEG caused TM motion to return
the original magnitude.
oscillatory electric fields to the TM. Here, the effect of pore size on TM electrokinetics
was evaluated by measuring TM mnotion in response to changes in both intrinsic and
extrinsic viscosity. Internal viscosity of the TMI was altered by adding small PEG
molecules (10miM, 8 kDa) to the artificial endolymnph solution. These were chosen
because they had a radius of gyration small enough to enter the TM's nanopores [30].
To alter viscosity of the fluid surrounding the TM, AE with large PEO molecules (10
pM, 400 kDa) was used, which can not penetrate TM pores. Here, it was seen that
adding small molecular weight PEGs decreased the TM4's electrokinetic response at
1Hz by ~6.5x while adding large molecular weight PEO caused minor changes in TM
mnotion despite the fact that the viscosities of the two solutions were the same (figure
3-19a). Furthermore, removing PEG from the solution caused the TM motions to
return back to the original conditions observed (figure 3-19b).
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Chapter 4
Discussion
Results in this study demonstrate the important nature of the TM's porous structure
for controlling its mechanical properties. The porosity of the TM impacts its shear
viscosity which is an essential material property controlling TM function. Here, it was
seen that increasing the intrinsic viscosity of the TM with low molecular weight PEGs
that could penetrate TM pores had the effect of increasing wave speed and decreasing
wave decay constant. Analysis of a lumped parameter model of the TM showed that
these changes in wave parameters can be explained by a change in shear viscosity with
no accompanying change in shear modulus. Furthermore, analysis of a viscoelastic
model of wave revealed the same changes in wave speed and decay seen experimentally
with increases in shear viscosity. In contrast, introducing large molecular weight PEG
has little effect on wave speed or decay, suggesting shear viscosity inside the TM plays
a larger role in influencing the TMs mechanical properties than the surrounding fluid
viscosity. This result suggests that fluid surrounding the TM has two separate effects
on TM motion. First, increasing fluid viscosity has the obvious effect of increasing
drag on the surface of the TM. In addition, if high viscosity fluid penetrates the TMs
porous structure then the TMs material properties are also directly affected. Of these
two effects, we see that the latter has a much greater impact on TM waves. Thus,
the porosity of the TM may be critical to achieve the proper cochlear sensitivity and
tuning.
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4.1 TM Wave Speed and Sensitivity
Changes in TM wave velocity could have important implications for cochlear ampli-
fication. Cochlear amplification may arise from the interaction of two propagating
waves, as described by Hubbard [20]. Specifically, Hubbard's model demonstrates
that wave amplification arises when the velocities of two waves are matched. Since
changing the intrinsic viscosity of the TM had the effect of increasing wave speed,
the TM's shear viscosity may be carefully controlled to maintain appropriate sensi-
tivity. Recent modeling work by Meaud and Grosh has shown that when tectorial
membrane is longitudinally coupled and its shear viscosity is increased, cochlear sen-
sitivity drops [31]. Given that changes in wave speed were observed here with changes
in shear viscosity, it is possible that wave speed changes underly the changes in sen-
sitivity observed. Since changing internal viscosity of the TM can be thought of as
functionally equivalent to reducing TM pore size, the TM pore size may be tightly
controlled to achieve the correct speeds necessary for proper cochlear amplification
and ultimately proper cochlear sensitivity. Figure 4-1 describes the wave speed result
observed in this thesis and connects the finding to Hubbard's two wave model and
shear viscosity results from Meaud and Grosh's work.
4.2 Porosity, Sensitivity, and TectB Mutant Mice
Previously it was shown that apical TectB knockout TMs have a more porous struc-
ture [35] and that wave speed decreases [15]. By changing the internal viscosity of
TectB mutant TMs, this experiment was functionally equivalent to reducing the pore
size back to a condition that may more accurately represent the pore size of TMs
from wild type mice. Given that speeds were seen to return back to wild-type ve-
locities upon adding small molecular weight PEG to the AE bath surrounding TectB
knockout TMs, pore size may control wave speed. Ultimately, these speed changes
may influence cochlear sensitivity via a two wave model.
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Figure 4-1: (a) Light microscope images of typical basal TM samples in the wave
chamber with (bottom, red) and without PEG (top, blue). Superimposed waveforms
illustrate TM wave displacements in response to 19 kHz stimulation in conditions with
and without PEG. Fits to the data reveal that adding PEG to the bath increased the
propagation wavelength (A/2 = ~130 pim for the TM in AE (blue); A/2 = ~240 pm
for the TM in AE+20mM 8kDa PEG (red)). (b) Representation of two conditions
in terms of a two wave model. With increased shear viscosity (red) the TM's wave
speed would not match with the basilar membrane wave speed. Specifically, increasing
intrinsic viscosity causes the wave length to increase. (c) Frequency tuning curves
(adapted from Meaud and Grosh [31]) showing changes in sensitivity between a TM
with typical shear modulus and shear viscosity parameters (blue line) and a TM
with double the shear viscosity (red line). Arrow indicates the changes in sensitivity
between these two conditions as approximately 13dB.
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4.3 Shear Impedance Measurements
Results from the shear impedance measurements revealed that increasing intrinsic
viscosity increases both the loss and elastic moduli of the TM. Furthermore, since
returning the AE solution back to physiologic conditions caused both the elastic and
loss moduli to revert to their original values, it can be inferred that the changes
due to addition of PEG were due to changes in intrinsic viscosity rather than time
dependent effects. One intriguing finding was that it seemed that the viscous modulus
changes to a greater extent than the elastic modulus. The material properties (G'
and T/) determined from this data also predicted the same trend-both increased
while r increased to a greater extent. Furthermore, calculating wave parameters via
a viscoelastic model of TM waves with the material properties determined from these
shear impedance experiments accurately predicted the changes seen in wave speed and
decay. These results suggest that the shear impedance measures taken with increased
intrinsic viscosity accurately account for the changes seen from the wave experiments.
A question that remains is why both the elastic and viscous moduli changed for this
experiment when distributed impedance analysis of the wave experiments revealed
little to no change in shear storage modulus, G' compared to shear viscosity q. One
possibility for this difference is that the shear probe entrained more springs due to
viscous coupling.
4.4 Viscoelastic Modeling Confirms Wave Param-
eters Observed
Material parameters extracted from the wave measurements via a distributed impedance
model revealed changes in 17 with little change in G'. The values obtained for G' and
,q for conditions with artificial endolymph and conditions with artificial endolymph
with PEG were examined in terms of a viscoelastic model. From this comparison,
it is evident that the wave speeds and decay constants found with and without the
addition of PEG were accurately predicted by the viscoelastic model of waves at all
56
frequencies. This result suggests that a viscoelastic model is able to account for the
changes in poroelastic mechanics that were probed with these experiments. A re-
maining question is why the viscoelastic model is able to predict these results well.
One possibility is that the porosity of the TM is essential for maintaining the correct
material properties (or in this case, letting PEG into the membrane). Once G' and q
are established, the viscoelastic model is adequate to explain wave motions at audio
frequencies. Next steps include examining poroelastic models of waves to see how the
results found in this work align.
4.5 TM Pore Size and Electrokinetic Response
Previously, it has been shown that electrokinetic responses are influenced by changes
in charge [13]. This work suggests that porosity is a critical component needed to
achieve appropriate electrokinetic responses that act in tandem with charge in the
tectorial membrane. By comparing changes to the internal viscosity (and in turn,
the pore size) of the TM versus changes in viscosity of the surrounding fluid, this
work revealed a strong dependence of TM electrokinetic interactions on porosity and
a weak dependence on external viscosity of the surrounding fluid. Ultimately, these
results provide a framework for a general poroelastic model of the TM under dynamic
conditions. Thus, this work highlights the important interplay between fixed charge
groups, porosity and the internal water content of the TM at the nanoscale.
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Chapter 5
Conclusions
This thesis involved examining the effect of viscosity and pore size on the TMs dy-
namic processes that may play a critical role in achieving cochlear sensitivity and
selectivity. It was discovered that the TM's intrinsic viscosity and pore size can in-
fluence phenomena such as waves and electrokinetics. The experiments included in
this thesis demonstrate that:
(1) Adding low molecular weight PEG to the AE bath
- Increases TM wave speed
- Decreases TM wave decay constant
- Reduces electrokinetic responses of the TM
- Restores wild-type speeds to the TectB knockout TM
(2) Adding high molecular weight PEG to the bath has little effect on any of the
previous properties
(3) These results fit with a simple model:
- Low molecular weight PEG permeates the porous structure of the TM while
high molecular weight PEG is excluded
- When low molecular weight PEG permeates the TM it increases the loss modu-
lus of the TM with little affect on shear modulus
- Changes in loss modulus are sufficient to
- Increase TM wave speed
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- Decrease wave decay constant
- Reduce electrokinetic responses
(4) Adding low, but not high, molecular weight PEG to the AE bath changes shear
impedance measured with a micro-fabricated shearing probe. Specifically, the follow-
ing are seen:
- Large increases in the viscous component
- Small increases in stiffness
- These shear impedance results suggest coupling limits interpretation of shear
measurements as proportional to material properties and that the distributed impedance
model more accurately reflects material properties determined.
The findings presented in this work reveal how the poroelastic properties of the TM
can impact dynamic properties of the TM such as traveling waves and electrokinet-
ics. Given these results, the porosity of the TM may have important implications for
maintaining hearing properties. An important next step will be to connect these ex-
perimental results to a poroelastic model of the TM and ultimately a cochlear model.
Doing so would help reveal how the motions observed here are relevant in vivo and
ultimately how TM pore size and intrinsic viscosity play a role in maintaining proper
cochlear sensitivity and selectivity. Ultimately, connecting the results conveyed in
these in vitro experiments to a live cochlea or model would further demonstrate the
importance of porosity on hearing.
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